Abstract
. Photos of emission plumes from cruise-ships in Glacier Bay. Due to low level inversions and weak winds, exhaust smoke does not readily escape or diffuse. It remains stationary just at the inversion level. The particles begin to swell since the air has high values of relative humidity. The haze particles become visible, reducing the overall visibility. solar insolation may persist for many hours at 59˚N latitude, the sun is relatively low in the sky. Thus, tall mountains, including those in the Fairweather Range (>4500 m) may shorten the time of direct insolation. The stable conditions associated with inversions can trap pollutants [4] and provide a suitable environment for haze formation [2] . With the absence of moderate winds or storm systems to sweep out stagnant air, inversions may persist for hours to days until the air is recirculated [5] [6]. Together, these conditions result in accumulation of locally emitted pollutants, rather than long-range transport of pollutants, driving the cleanliness of the air below the inversion [7] .
Historically, concerns related to cruise-ship emissions have been identified, although few studies have been enacted. In 1976/77, temperature inversions were found to exist on approximately one-third of all days from June 13 to July 21. The inversions lasted for at least a part of the day, and were most common in the early morning (0300 -0830 LT) under clear sky conditions when the radiation balance was negative [3] . While the topographic and atmospheric conditions are not likely to have changed appreciably since the 1970s, the average size, number, and technology of cruise-ships entering the park have changed substantially over the past several decades [8] . Thus, a primary information gap has been to quantify the frequency and severity of inversions in the park relative to current ship conditions.
Given the absence of in-situ meteorological and air-quality observations in and around Glacier Bay, we turn to air-quality modeling as a tool to understand the fates of airborne particles stemming from cruise-ship emissions in Glacier Bay. For this study we build on recent results of an activity based emissions inventory of cruiseships [2] and refine the Weather Research and Forecasting Model (WRF) [9] , coupled with a chemistry package (WRF/Chem) [10] [11] to address the nature of inversions in Glacier Bay relative to cruise-ship emissions. Our goal was to understand the fate and potential impact from airborne particles originating from cruise-ships in Glacier Bay to help park management better weigh the trade-offs of air-quality impacts from ships, with the benefits of meeting the visitation mandate.
Experimental Design and Methodology

Model Description
WRF/Chem was used to examine the fate of particulate matter in Glacier Bay for the 2008 tourist season. We applied WRF/Chem in the setup described by Mölders et al. [2] , which was as follows: Cloud microphysical processes were considered by the WRF Single-Moment 5-class scheme [12] . Subgrid-scale convective clouds were accounted for by the Grell and Dévényi cumulus-ensemble scheme [13] . The two-stream, 11-spectral band Goddard scheme, under consideration of radiative feedback with clouds, aerosols, and chemistry [14] , was used for shortwave radiation [15] . The Rapid Radiative Transfer Model [16] was applied for longwave radiation. Processes in the atmospheric boundary layer (ABL) followed the eta surface layer Mellor-Yamada-Janjić scheme [17] [18] . A modified version of the NOAH Land Surface Model [19] served to determine heat and moisture fluxes over land and water surfaces, and to account for subgrid-scale fluxes associated with snow, soil moisture, frozen ground, and vegetation.
Atmospheric oxidants, air pollutants, and inorganic chemistry were determined using the Regional Acid Deposition Model version 2 for gas-phase chemistry mechanisms [20] . Volatile organic compounds were represented with 26 stable species and 16 short-lived intermediate peroxy radicals, following Middleton et al. [21] . Photolysis frequencies were calculated for 21 photochemical reactions [22] . Primary and secondary organic aerosol processes were determined through the Modal Aerosol Dynamics Model for Europe [23] , and the Secondary Organic Aerosol Model [24] . Dry deposition of trace gases was calculated by a surface resistance parameterization [25] with modifications for specific Alaska surfaces [26] .
Biogenic emissions were calculated for isoprenes, monoterpenes, and biogenic volatile organic compounds from vegetation and nitrogen emissions from the soil [27] [28] . The emissions from ships were determined through an activity-based inventory [2] .
Simulations
The model domain was centered over Glacier Bay and encompassed the entire Alaska Panhandle, as well as portions of British Columbia and Yukon Territory (Figure 2) . It contained 110 × 110 grid cells with a 7 km grid increment, and 28 vertical layers from the surface to 100 hPa. The domain of interest is indicated with a red polygon. The bottom panel shows a zoomed-in map of the model domain, shaded by terrain height and overlaid with locations of surface meteorological sites. Buoys are denoted with red triangles, land-based sites (NCDC and RWIS) with black circles, and the radiosonde site with a blue asterisk. Note that the locations of sites are skewed to settlements and easily accessible regions, and the radiosonde site is co-located with a surface site.
Initial and boundary conditions for meteorological, soil, and snow data were obtained from the National Centers for Environmental Prediction 6-hour global final analysis data at 1˚ × 1˚ resolution. Idealized mean Alaska background chemical profiles served to initialize the chemical fields, and to provide lateral boundary conditions during the simulation.
Simulations ran from May 15 to September 15, 2008, which covered the highest cruise-ship activity during the tourist season, as well as the peak-temperature period for Southeast Alaska. Meteorology was initialized every five days, but the chemical distributions at the end of each day served as initial conditions for the simulation of the following day.
Note that cruise-ships almost exclusively represent the source of emissions in Glacier Bay. Of the other ma-rine vessels that access the park, most are small (<12 m) and many are powered by 4-stroke outboard gas engines. A single tour vessel makes a daily trip from the mouth of the park and up its west arm; minimal sources of other anthropogenic emissions are present anywhere in the park, especially outside of Bartlett Cove, which is near the mouth of Glacier Bay where National Park Service (NPS) headquarters are located.
Evaluation and Analysis
The simulations were evaluated by means of observations (temperature, dew-point temperature, atmospheric pressure, relative humidity, wind speed, and wind direction) from 42 meteorological sites. Eleven sites were buoys. We also evaluated twice daily radiosonde launches from the Yakutat Airport, available at 1500 and 0300 LT. No chemical observations were available. The performance skill was quantified by the correlation coefficient (r), mean bias, standard deviation error (SDE), root mean square error (RMSE), and variance.
To assess the fate of PM 10 in Glacier Bay, simulated inversion frequencies, strengths, thicknesses, durations, and locations inside of Glacier Bay were determined using the method developed by Pirhalla [29] . Herein, an inversion was identified by air-temperature profiles rather than temperature profiles as this is sufficient for the purpose of this study. Note that the obtained inversion height is the same for temperature and potential temperature profiles. An inversion was identified in a grid column when the change in temperature with change in height (dT/dz) was positive and greater than or equal to 0.5 K (100 m) −1 . The algorithm checked for more than one inversion per grid column and per time. Furthermore, the fate of pollutants was examined for the various inversion conditions, including cases of elevated PM 10 concentrations relative to the concentration in the free atmosphere.
To understand how strongly inversions trap pollutants, a comparison was made between the simulated background concentrations in the air above the inversions (typically around 1 km) to the simulated value close to the water surface. We then compared the simulated near-surface concentrations with data from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network sites in Alaska to further assess the conditions in Glacier Bay. Note that this network monitors air quality in remote, federally protected Class I areas set forth by the Regional Haze Rule, i.e. areas of pristine air conditions. [31] ), it failed in some instances to capture the atmospheric dynamics when conditions were changing rapidly, or over complex terrain.
Results and Discussion
WRF/Chem sufficiently captured the temporal evolution of 2 m air temperature, (Figure 3(a) ) although it underestimated the values slightly, resulting in a cold bias of −0.6 K ( Table 1) . Hourly temperatures were well correlated at r = 0.70, with a RMSE of 2.5 K and SDE of 2.4 K. The spatial standard deviation of simulated and observed temperature was 3.0 K and 3.1 K, respectively, meaning WRF/Chem also captured the spatial distribution well. Overall, skill scores were slightly better, or within the range of other high latitude studies that have used WRF or WRF/Chem [30] [32] . The small errors in 2 m air temperature may be due to misrepresentation of terrain height and land-use type, as well as the choice of empirical parameters and parameterizations.
WRF/Chem also captured the temporal evolution of dew-point temperature well (Figure 3(b) ). Hourly values were correlated strongly (r = 0.83), with a marginal dry bias (−0.2 K). RMSE and SDE were both 2 K. Spatial standard deviations of simulated and observed values were 3.3 K and 3.4 K, respectively. The errors most likely were the result of misrepresentation of land-use or soil type, terrain height, or incorrect sea-surface temperatures.
WRF/Chem consistently overestimated wind speed for almost all locations (Figure 3 , respectively. The daily (hourly) data were only moderately correlated at r = 0.51 (r = 0.44) due to 1) slight errors in timing of frontal passages, and 2) local effects (channeling, wind shadows, etc.) that are inherent in the observation, but of subgrid-scale with respect to the model. General changes in the wind direction were also captured by WRF/Chem. Winds in Southeast Alaska generally fluctuated between 150˚ -250˚ due to the prevailing flow from storm systems over the Gulf of Alaska. The mean simulated and observed wind direction was 182˚ and 178˚, respectively, resulting in a positive bias of 2˚. Daily RMSE and SDE were 66˚ and 59˚, respectively. These skill scores are consistent with other WRF studies in high latitudes [30] [31] [32] .
Despite only 24 sites recorded sea-level pressure, simulated and observed pressures were extremely well correlated (r = 0.996). The hourly mean simulated (observed) pressure was 1013.97 hPa ± 6.50 hPa (1014.86 ± 6.79 hPa).
Radiosondes
The evaluation considered 244 radiosonde ascents. Two days worth of data were missing, and no data existed between approximately 506 m to 716 m as the local terrain conditions prohibited receiving signals from these heights. The focus was on WRF/Chem's performance in simulating temperature, dew-point temperature, wind speed, and wind direction below 2 km, as we were particularly interested in WRF/Chem's performance in the ABL.
In general, the model captured most of the observed profile characteristics (Figures 4(a)-(d) ). Simulated and observed temperature profiles were well correlated at an average of r = 0.85 ( Table 2 ). WRF/Chem had a marginal overall warm bias of 0.1 K, and low RMSE of 1.8 K. Air temperatures were generally underestimated by −1.4 K to −0.3 K in heights below 600 m. The surface layer had highest bias (−1.4 K) and lowest correlation (r = 0.68), probably due to misrepresentation of the surface conditions (topography, land-use, soil type). Simulated temperatures followed the temporal evolution of the upper air-temperature profiles with slight, but consistent , respectively. WRF/Chem generally simulated the dew-point temperature profiles (Figure 4(b) ) well in levels closest to the Figure 4 . Correlation (R), bias, RMSE, and mean WRF/Chem simulated and observed air-temperature, dew-point temperature, wind-speed, and wind-direction profiles in Yakutat, AK from May 15 to September 15, 2008. The correlation is scaled by a factor of ten on the temperature, dew-point temperature, and wind-speed plots, and by 100 on the wind-direction plot. The RMSE, bias, and correlation scales are displayed on the top x-axis. The small gap around 500 -700 m accounts for missing radiosonde observations.
ground. The correlation between simulated and observed profiles (r > 0.70) was best below 4600 m and slightly dropped off to around r ≈ 0.5 near the tropopause. Here, WRF/Chem had difficulties in simulating the dew-point temperature in areas of strong wind shear. Another region of strong wind shear existed from 1500 -3000 m, when wind direction shifted rapidly between south-southeast to southwest. WRF/Chem captured the dew-point trend, but slightly overestimated it, meaning a slight wet bias. WRF/Chem generally overestimated the overall dew point-temperature profile marginally with biases from 0.2 to 1.2 K below 1500 m, to as high as 3.6 K around regions of strong wind shear (>40˚). Variances of simulated and observed dew-point temperatures agreed excellently (4.9 K 2 vs. 5.0 K 2 ). The low vertical resolution of the initialization data, the low density of the radiosonde network in Alaska and Northwest Canada which was used as input for the creation of the analysis data, and a wet or iced over sensor after passing through a cloud, are all potential error sources (e.g. [29] [33]). The upper air wind-speed profiles (Figure 4(c) ) were accurately captured, but WRF/Chem had some difficulties below 2500 m. The overall wind-speed correlation was r = 0.69. The highest correlations occurred above 3000 m where the magnitudes of shear and windspeed variability were least. Simulated and observed regions of wind shear matched well (Figure 4(d) ). WRF/Chem overestimated wind speeds by 0.2 -1.2 m•s −1 from the surface to about 1100 m, and marginally underestimated the wind speeds above this level to the tropopause. Generally, wind-speed biases (simulated minus observed) remained less than 0.7 m•s −1 in levels close to the surface. The overall mean simulated and observed wind speeds were exactly 10.1 m•s −1 , resulting in a mean bias of nearly zero due to compensation of positive and negative differences. WRF/Chem also simulated the wind-speed variance well (5.80 m The discrepancies between simulated and observed wind data can partly be explained by radiosonde drift during the ascent [34] , the different terrain height in the model and real world, different vertical resolution of the model and observations, and measurement errors.
Depending on the meteorological conditions and cruise-ship type, the emissions are ejected anywhere between 52 and nearly 200 m height above sea-level. Thus, the overestimation of wind speeds in the lower decameter above ground may lead to faster dispersion than compared to the real world. The underestimations around the tropopause, however, are irrelevant for the dispersion of particulate matter from cruise-ship emissions.
The overall mean WRF/Chem simulated and radiosonde-reported wind directions were 198˚ ± 9˚ and 194˚ ± 9˚, respectively, leading to an average bias of −12˚. WRF/Chem responded well to wind-direction changes, but often fell short by a few degrees. Simulated and observed wind directions correlated well (r = 0.66 overall) except in regions of high wind shear and rapidly fluctuating directions. Near the surface, WRF/Chem underestimated wind direction by 12˚.
The volume integral for velocity is identical to the measured values ( Table 2) . This means that WRF captured these quantities excellently, but the simulated and observed spatial distributions of velocities differ vertically. Positive and negative biases cancelled each other out over the entire volume (cf. Figure 4) .
According to the WRF/Chem simulations, 106 of the profiles at the times of radiosonde ascent showed surface inversions, while 97 surface inversions were observed, i.e. WRF/Chem overestimated the frequency of surface inversion occurance by 9%. WRF/Chem predicted 77 elevated inversions, while the ascents showed 82. This means it underestimated the occurance of elevated inversions by about 12%. Given the vertical resolution of WRF/Chem and the radiosonde measurements, as well as the very good performance of WRF/Chem in simulating the air-temperature profiles in the ABL, we consider these discrepancies acceptable for making inferences about the nature of inversions and their role in driving the fate of pollutants in Glacier Bay.
Fate of Particulate Matter in Glacier Bay
Overall, air quality in Glacier Bay was relatively pristine even in the presence of cruise-ships. The U.S. Environmental Protection Agency's (EPA) 24-hour daily average National Ambient Air Quality Standard (NAAQS) value for PM 10 is set to not exceed 150 μg•m −3 , otherwise the quality of air is deemed to be unhealthy, and may lead to nonattainment if consistently exceeded [35] . We use these EPA values as a benchmark in weighting the severity of PM 10 in relation to pollution levels in other parts of the United States. In Glacier Bay, the WRF/ Chem-derived daily averages of PM 10 were well below 150 μg•m −3 . However, there were occasions when hourly concentrations approached 50 μg•m −3 . When PM 10 values are elevated and relative humidity is high (>80%), the particles swell and tend to reduce visibility [2] . Thus, even though NAAQS values were never exceeded there were periods when visibility was likely reduced due to cruise-ship emissions and haze formation [2] like is shown in the example in Figure 1 .
The WRF/Chem simulations also demonstrated that in Glacier Bay, PM 10 concentrations stemming from gas-to-particle conversion of naturally available trace gases and/or sea salts were generally below 1 -2 μg•m −3 , i.e. in the range of the typically observed background concentrations. Data from the Alaska Class I area IMPROVE sites, which tend to reflect regions of pristine air quality, showed concentrations of similar or higher magnitude during summer when no wildfires were reported nearby.
The WRF/Chem simulations showed that synoptic scale weather disturbances and mesoscale phenomena during weak synoptic scale forcing governed the fate of pollutants in Glacier Bay. In the majority of cases, the former moved pollutants out of Glacier Bay, while during the latter, inversions and local circulations formed.
Inversions commonly developed through subsidence under synoptic scale high-pressure systems, or due to radiative cooling under calm wind weak synoptic forcing. Due to its latitudinal position and topography, Glacier Bay still has at least five to seven hours with little to no incoming solar radiation, with the longest period of insolation around solstice (June 21). However, the low sun altitude and tall mountains may hinder direct insolation. The mean long-wave radiation loss was −328 Wm −2 during nighttime and early morning hours when inversions most commonly developed.
Strong inversions of greater than 2 K (100 m) −1 appeared to notably trap ship emissions, which resulted in up to a 43% increase in PM 10 concentrations compared to cases with no inversions present. Throughout the tourist season, the simulated average inversion strength and height over Glacier Bay was 1.2 K (100 m) −1 and 92.5 m, respectively. While some of the inversions were not strong enough to appreciably trap cruise-ship pollutants, some inversion gradients were as strong as 6.7 K (100 m) −1 . Spatially, most inversions occurred in the middle and entrance regions of Glacier Bay where it is approximately 10 -25 km wide. Consequently, inversions occurring in these portions of Glacier Bay are of resolvable scale with respect to WRF/Chem's horizontal resolution in this study, as opposed to other fjord locations that are subgrid-scale.
While it is insightful to consider seasonal average conditions, it is equally relevant to identify conditions when the highest concentrations were simulated inside Glacier Bay as 1) these are conditions when ecosystems and visitor experience may be most impacted, and 2) park management may want to make decisions not on seasonal averages, but on peak (extreme) conditions. We also describe three cases that exemplified the conditions that led to a persistence of elevated PM 10 concentrations.
Strongest PM10 Concentration
In 2008, the most extreme PM 10 event during the 124-day tourist season occurred on July 19 ( Figure 5) . Two cruise-ships entered the park that day, which is typical for Glacier Bay. The NPS does not allow more than two ships to enter the park on a daily basis and the daily average was approximately 1.4 ship entries per day in 2008. The simulation indicated inversions in multiple locations of Glacier Bay. Figure 5 shows the 24-hour temporal evolution of PM 10 As the stationary front shifted further east throughout the day, wind direction shifted towards the south and southwest. Advection of pollutants originating from cruise-ships just outside of Glacier Bay may have contributed to those elevated PM 10 concentrations. By 1500 UT (0600 LT), the entrance of both cruise-ships kept the PM 10 concentrations at about 18 μg•m −3 for at least nine hours, as the spatial distribution of PM 10 in the park was associable with the route taken by the ships. Especially high concentrations were evident towards the middle of Glacier Bay, as well as in the Northwest Fork, since both cruise-ships had to pass though the middle of the bay twice, and both cruise-ships spent time at berth in the Northwest Fork for glacier viewing. While this route and period of time spent in the upper fjord is standard for cruise-ships entering Glacier Bay, ship emissions occurred when an inversion existed very close to the surface on this day. Consequently, the daily average PM 10 concentration close to the surface was 20.5 μg•m −3 while the concentration above the inversion levels was 6.6 μg•m −3 . Approximately 400 m above that level, PM 10 concentration diminished to 3.1 μg•m −3 . While the high PM 10 concentrations inside Glacier Bay may have partly resulted due to advection from other cruise-ships passing near Glacier Bay in the Gulf of Alaska or waterways just to the south of the park (Icy Strait), the high daily average PM 10 concentrations (up to 22 μg•m −3 in some parts of the bay) was consistent with the ships emitting pollutants that were then trapped in the park from the inversions. Note that regions of the bay with no inversions allowed the pollutants to mix to higher levels in the ABL, which explains why the the background concentrations were slightly elevated there.
Typical Case with Inversions and Two Ship Entries
The simulations for May 27-28 exhibited a typical scenario of high PM 10 concentrations and strong inversions inside Glacier Bay (Figure 6) . Concentrations of PM 10 . Above any inversion levels of around 1 km, PM 10 concentrations rapidly diminished to pristine conditions of 1.4 μg•m −3 , indicating that strong inversions helped to contain pollutants. Figure 7) were influenced by three conditions. First, two cruise-ships entered and departed the park one after the other, which is common for many days in Glacier Bay. During the morning at 1600 UT (0700 LT), the air inside Glacier Bay was pristine with PM 10 concentrations of 1 -2 μg•m −3 (Figure 7) . The first cruise-ship reached the central part of the bay by 1000 LT and departed by 1600 LT. PM 10 dispersed for three hours. Evidence of PM 10 from the next cruise-ship was present in Glacier Bay by 1900 LT.
Case of Mesoscale Slope Breeze Circulation PM 10 concentrations on May 19-20 (
Second, winds were coming from the north-northwest, i.e. from unpolluted areas. Thus, no advection of pollutants from areas outside Glacier Bay into the park occurred. The north-northwest wind direction largely prevented PM 10 from areas of high ship traffic in the Gulf of Alaska from entering Icy Strait and PM 10 did not penetrate into the upper parts of the fjord. Atmospheric conditions remained calm and clear in the Glacier Bay area, which permitted the formation of inversions, some which were particularly strong (≥4.5 K (100 m) −1 ). Wind speeds were low (about 2.57 m•s −1 (5 knots)) throughout most parts of Glacier Bay, and the synoptic conditions kept inversions from dissipating. Thus, emitted PM 10 remained close to the original emission location.
Third, the simulations suggested that a mesoscale slope breeze formed inside of Glacier Bay. By mid-afternoon, a mesoscale circulation developed as the sun heated the mountain surfaces. At 1600 LT, upslope winds on the westward facing mountains slopes led to the spreading of PM 10 , but its vertical ascent was largely restricted by the inversion level, effectively trapping the pollutants. A self-contained mesoscale circulation resulted, and WRF/Chem simulated a gentle counterclockwise flow of the winds, indicated by the red arrows on Figure 7 .
As the day progressed, the circulation changed into a more downsloping pattern, and by 0200 LT the radiation balance became negative. On the west side of the bay, a sagging of the isotherms indicated a cold pool formation. The wind barbs showed that winds were gently flowing down the mountain slopes. Given the meteorological conditions during this day, PM 10 was originated primarily from cruise-ship emissions. Concentrations peaked around 12 -14 μg•m −3 . By 0200 LT, the PM 10 emission ended, but the inversion retained the pollutants through May 20.
The average PM 10 concentration close to the surface during this event was approximately 4.8 μg•m −3 . Above the inversion around 1 km, simulated concentrations rapidly diminished to pristine conditions of 0.9 μg•m −3 . Thus, the inversion trapped the pollutants and hindered air exchange with the pristine air aloft. Concurrently, the mesoscale slope breeze circulation redistributed the pollutants below the inversion.
PM10 Advection
On August 13-14 conditions in Glacier Bay resulted in the second highest simulated PM 10 concentrations of the 
Conclusions
Extensive periods of haze and visibility deterioration from atmospheric pollution attributed to cruise-ship emissions have been documented in the upper fjords of Glacier Bay since the 1970. However, since that time, cruise-ship technology has improved, and fuel content regulations and emission controls have been established [8] . Thus, despite cruise-ship size having increased, air-quality impacts have been reduced [29] . However, the increasing demand to visit Glacier Bay's tidal glaciers and pristine wilderness, as well as concerns regarding the formation of haze inside one of the largest wilderness areas in the U.S., requires management decisions and the setting of priorities. Thus, understanding the pollutant situation in Glacier Bay is an important prerequisite for successful actions in the future.
Simulations from the Weather Research and Forecasting Model, inline coupled with a chemistry package (WRF/Chem) were analyzed for the 124-day tourist season of 2008 to understand PM 10 distributions and concentrations in Glacier Bay. The evaluation of the model results by data from 42 surface-based sites and one radiosonde showed that WRF/Chem captured the surface and upper air meteorological conditions with similar or better performance than other modeling studies performed in Alaska, or with WRF elsewhere. The mean biases for hourly air temperature, dew-point temperature, relative humidity, wind speed, wind direction, and pressure were −0.6 K, −0.2 K, 2%, 1.75 m•s −1 , 10˚, −0.89 hPa, respectively. The error in the frequency of surface inversions was 9%. Therefore, one can conclude that the WRF/Chem simulations are of sufficient accuracy to examine the fate of PM 10 in response to cruise-ship emissions in Glacier Bay under various meteorological conditions.
The WRF/Chem simulations revealed notable trapping of PM 10 sourced from cruise-ships while inversions were present inside Glacier Bay. Inversions typically developed in Glacier Bay during calm, clear weather patterns with low to no winds. Furthermore, they frequently formed due to radiative cooling, especially throughout the nighttime and early morning hours when the radiation balance was negative. According to the WRF/Chem simulations, inversions existed at least locally somewhere inside Glacier Bay on 52 out of the 124 days examined (42%). The season-average inversion-strength and height was 1.19 K (100 m) −1 and 92.5 m, respectively. The strongest simulated inversion of 6.7 K (100 m) −1 occurred on May 24 -25 and lasted for 18 hours. Inversions typically lasted for 9 hours on average, with the longest being quasi-multi-day at roughly 60 hours. Con- Figure 8 . August 13-14 PM 10 advection event in Glacier Bay. The left column shows zoomed-in contour plots depticitng PM 10 concentrations during selected hours of the day. The right column illustrates the corresponding cross section plot taken from horizontal transects across central Glacier Bay. The top row shows the daily average contour and cross section plots. This event was the second highest day of pollution, strongly influenced by advection and orographic lifiting. At 11 UT, PM 10 was already being advected into Glacier Bay through Icy and Chatham Straits. Concentrations increased further by 0 UT when a cruise-ship was in the bay. Finally, the simulations show strong orographic lifting of PM 10 over the Fairweather Mountain Range at 10 UT. High concentrations of PM 10 appear to be forced over the mountains, indicated by the red ovals. All plots in each column have the same color scale. sequently, elevated PM 10 concentrations from cruise-ship emissions were typically temporary until the polluted air was mixed out of Glacier Bay, thereby breaking the inversion and marginally augmenting the concentrations downwind. During the 124-day episode, one case involved the development of a mesoscale circulation inside Glacier Bay, trapping PM 10 ). This study shows that the PM 10 situation in Glacier Bay is governed not only by the cruise-ship emissions inside the bay, but also by mesoscale features occurring inside the bay, as well as synoptic scale weather disturbances impacting Southeast Alaska at large. The WRF/Chem simulations showed that under certain synoptic conditions, pollutants from highly traveled areas near the park could become advected into portions of Glacier Bay. Such advection usually occurs under southwest winds. Then, air masses containing pollutants from ship traffic along the major sea lane can enter Icy Strait, and lead to elevated PM 10 concentrations (compared to the pristine conditions above the ABL), especially into parts of lower Glacier Bay. Due to the model resolution, small fjords and inlets are subgrid-scale. Hence, the full magnitude of pollutant concentrations and the full impact of pollutant transport, and the persistence of inversions may be underestimated. A higher resolution simulation could shed some light on the currently unresolved mesoscale-γ meteorological processes.
The WRF/Chem simulations also suggested that orographically forced lifting of pollutants over the Fairweather Mountain Range, as well as advection through Ice Strait might transport PM 10 into Glacier Bay. These findings lead to the conclusion that PM 10 concentrations and the pristine nature of Glacier Bay are not entirely controllable by restricting the number of cruise-ship entrances, and/or enforcing emission-control requirements inside Glacier Bay.
The multiple reasons for elevated PM 10 concentrations in Glacier Bay, some of which are beyond the control of the National Park Service, lead to the conclusion that base-line in-situ weather and chemical observations should be established prior to any management changes in order to judge their effectiveness. While a network of monitoring stations may be costly and conflict with wilderness conditions, direct observations would provide much needed atmospheric information to better understand local effects that play significant roles on air quality inside the fjords of Glacier Bay, and may also aid in efficient management decisions. Such a network is also strongly needed to establish a baseline to measure the impact of management decisions or incidences.
